INTRODUCTION {#SEC1}
============

Rapid and accurate genetic diagnosis of Mendelian diseases is necessary to optimize both treatment and management strategies and implement precision medicine. Compared to traditional single-gene tests or gene panels, recent efforts have utilized next-generation sequencing (NGS) technologies, such as whole exome sequencing and whole genome sequencing. The intent of the NGS effort is to improve diagnostic rates, enhance time efficiency and decrease overall financial burdens ([@B1]). However, due to the substantially larger pool of candidate genes created by NGS data, sequence interpretation has become a major hurdle in diagnostic settings. Computational approaches that streamline the diagnostic workflow and shorten the analytical turnaround time are needed.

The Human Phenotype Ontology (HPO) database ([@B6]) associates human diseases with phenotypic abnormalities. These terms possess ever-increasing interoperability with other ontologies ([@B7]) and allow for computational deep phenotyping, making it the prevailing standard terminology for human phenotypes. We have developed a few computational tools ([@B12]) that use phenotype data for gene prediction and prioritization. Although these methods are useful, they cannot provide real-time decision support in clinical settings; for example, users may need to add or remove one phenotype term for a patient and immediately observe how the candidate gene list changes.

Recent studies have shown the utility of incorporating phenotype data such as HPO terms in identifying causal genes from NGS data, which increases time efficiency and diagnostic yields ([@B15]). There are phenotype analysis tools that use HPO terms to prioritize candidate causal genes, some of which take genes, variants or both: Phevor ([@B16]), VarElect ([@B17]), OVA ([@B18]), Phen-Gen ([@B19]), Exomiser ([@B20]), AMELIE 2 ([@B21]), DeepPVP ([@B22]), GADO ([@B23]), VarSight ([@B24]) and Xrare ([@B25]). These HPO terms can be supplied by diagnostic labs, clinical geneticists, doctors or natural language processing (NLP) algorithms that parse doctors' notes such as Doc2HPO ([@B14]). The prioritized list of genes can then be combined with NGS data to identify potential disease genes. The downside of the gene-based tools, however, is that they require gene lists (or variant files) beforehand, some of them take longer to prioritize genes and some of them can only be used via a web interface with no open source code. Thus, such tools cannot be implemented on a large scale and cannot be integrated into existing clinical diagnostic workflows, which are often protected within institutional firewalls.

We present a new rapid, accurate, phenotype-based gene prioritization tool called Phen2Gene. Phen2Gene takes HPO terms for a patient and generates a patient-specific ranked list of candidate genes using our precomputed database, the HPO2Gene Knowledgebase (H2GKB), in a median time of 0.94 s. The H2GKB is built on Enhanced Phenolyzer (v0.4.0), and then Phen2Gene defines weights for each HPO term. Unlike existing binary HPO--gene annotations in the HPO annotation database, the H2GKB is a new database that links each HPO term to its own ranked list of candidate genes, each with a confidence score. These scores represent a substantial accuracy improvement over the previous version of Phenolyzer. We also provide open source code under the MIT license, together with a web server for downloading and accessing the H2GKB and a RESTful API web service for automated queries of phenotype terms with JSON output.

METHODS {#SEC2}
=======

Acquiring patient-specific gene lists with Phen2Gene {#SEC2-1}
----------------------------------------------------

Physicians can manually curate HPO terms for their patients, which is becoming more common, or feed the patients' notes into Doc2HPO to discover the relevant and negated HPO terms for the patient's phenotype. Doc2HPO is a public tool that uses multiple NLP tools and algorithms to parse patient notes into HPO terms. HPO terms act as the sole form of input into Phen2Gene, which then searches the H2GKB, generated by Enhanced Phenolyzer, for each term's ranked gene list.

All HPO terms under the root term 'Phenotypic abnormality' (HP:0000118) are recognizable by Phen2Gene. By default, Phen2Gene weights the inputted HPO terms by skewness of gene scores, as some HPO terms possess greater information content than others ([@B26]). Then, Phen2Gene searches the H2GKB for each input term's gene list and sorts and ranks all the genes based on their ranks in each term's list and the weight of each HPO term to produce a final, ranked candidate gene list (Figure [1](#F1){ref-type="fig"}).

![How to use Phen2Gene. Physicians or clinical geneticists can curate HPO terms themselves or provide patient notes to Doc2HPO to generate HPO terms in semi-automated fashion, and these terms will help create a candidate disease gene list using Phen2Gene.](lqaa032fig1){#F1}

HPO2Gene Knowledgebase construction {#SEC2-2}
-----------------------------------

In order to construct the H2GKB, we first extract every term from the HPO database, underneath the root term 'Phenotypic abnormality' (HP:0000118) (Figure [2A](#F2){ref-type="fig"}). For each HPO term, we run an enhanced version of Phenolyzer (ver. 0.4.0), dubbed Enhanced Phenolyzer, which incorporates HPO--gene annotations from the Jackson Laboratory ([@B6]) and gene--disease annotations from OMIM ([@B27]), ClinVar ([@B28]), Orphanet ([@B29]) and GeneReviews ([@B30]). It then adds information from gene--gene databases HPRD ([@B31]), NCBI's Biosystems Database ([@B32]), HGNC Gene Family ([@B33]) and HTRI ([@B34]), and prioritizes and outputs the associated genes.

![The construction of the H2GKB. HPO terms are extracted one by one from the HPO database and passed into an enhanced version of Phenolyzer (dubbed Enhanced Phenolyzer) to create a database of ranked gene lists for all HPO terms. (**A**) The workflow of Enhanced Phenolyzer. (**B**) Construction of the H2GKB.](lqaa032fig2){#F2}

This generates a ranked list of candidate causal genes for each HPO term, which are then consolidated into the H2GKB (Figure [2B](#F2){ref-type="fig"}). This precomputed H2GKB can then be rapidly accessed by Phen2Gene and used to rank lists of genes for individual patients. The H2GKB is also freely available online and downloadable from the Phen2Gene web server.

Enhanced Phenolyzer {#SEC2-3}
-------------------

The original version of Phenolyzer (ver. 0.2.2) processed free-text terms supplied by users. We updated the databases inside Phenolyzer, incorporated new HPO--gene annotations from the Jackson Laboratory database, fixed some bugs and released it as Enhanced Phenolyzer (ver. 0.4.0). Enhanced Phenolyzer contains a new function to turn HPO terms into a list of genes, by generating a prioritized gene list for each HPO term. Unlike the original Phenolyzer, Enhanced Phenolyzer first generates two seed gene sets. Seed Gene Set 1 is built on HPO--gene annotation files downloaded from the Jackson Laboratory for Genomic Medicine available at <https://hpo.jax.org/app/download/annotation>, while Seed Gene Set 2 construction follows the method outlined in the original Phenolyzer paper, which translates phenotype terms to disease names and incorporates the five precompiled gene--disease databases to search for seed genes.

Candidate gene prioritization {#SEC2-4}
-----------------------------

In Enhanced Phenolyzer, we generate a seed gene list of candidate genes for each HPO term in order to create the H2GKB. For seed genes in Set 1, we gave an equal score to each gene and HPO term pair,$$\documentclass[12pt]{minimal}
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We created some arbitrary weights for the JAX associations to test like the original Phenolyzer method did for OMIM and Orphanet. We came to the conclusion that downweighting the JAX HPO--gene associations by a factor of 0.1 was the optimal solution after testing performance on a variety of different factors from 0.1 to 1.0 ([Supplementary Figures S1 and S2](#sup1){ref-type="supplementary-material"}). In the following steps, we used the original Phenolyzer's method for expanding the list of candidate genes and reprioritizing the seed gene list using gene--gene databases. Then, we generated the H2GKB with Enhanced Phenolyzer.

Weighting by skewness {#SEC2-5}
---------------------

Phen2Gene defines weights to add to each HPO term's gene list generated by Enhanced Phenolyzer in the H2GKB. We calculated the skewness value for the distribution of all gene scores for each HPO term, and used it multiplicatively to adjust the weights of HPO terms individually. The gene score distributions vary widely from term to term. The gene score distributions of 'Seizures' (HP:0001250) and 'Cleft palate' (HP:0000175) demonstrate the difference in the specificity of HPO terms ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). 'Cleft palate' has a positively skewed gene score distribution compared to 'Seizures'. For 'Cleft palate', most genes have a near-zero raw score value, but for 'Seizures' the mean and standard deviation are much larger. In fact, 'Seizures' occurs 74 times in the benchmark dataset, and 'Cleft palate' occurs only 5 times in the benchmark set. In the JAX database, 'Seizures' has 1465 gene associations and 2265 disease associations, while 'Cleft palate' has 453 gene associations and 747 disease associations. These numbers demonstrate that 'Seizures' is a far less specific HPO term than 'Cleft palate'.

We assume that the more skewed the gene score distribution, the greater the difference between high- and low-ranking genes. This discrepancy provides HPO terms with better information for their associated genes. Thus, we used Pearson's moment coefficient of skewness to represent the skew and weight HPO terms' gene weights:$$\documentclass[12pt]{minimal}
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}{}$$\begin{eqnarray*}W \left( {{\rm HP}_j} \right) &=& {\rm skewness} \left( {{\rm HP}_j} \right) \\ &=& \frac{{{m_3}}}{{m_2^{3/2}}} ,\quad {\rm where}\ {m_i} = \frac{1}{N} \mathop \sum \limits_{n = 1}^N {\left( {{x_n} - \bar{x}} \right)^i}\end{eqnarray*}$$\end{document}$$and where skewness(HP~*j*~) is the skewness of the gene score distribution of HP~*j*~, which we calculated with Python 3.8 and the SciPy 1.3.1 stats module. We also created alternative weighting schemes involving no weight or informational content, and our choice of skewness was due to its greater performance over the other methods ([Supplementary Figures S4 and S5](#sup1){ref-type="supplementary-material"}).

Gene score computation with weighted HPO terms {#SEC2-6}
----------------------------------------------

In this weighting, Phen2Gene defines weights to add to each HPO term's gene list generated by Enhanced Phenolyzer in the H2GKB. Given a set of HPO terms, $\documentclass[12pt]{minimal}
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}{}${\rm TermSet} = \{ { {\rm HP}_1,{\rm HP}_2, \ldots ,{\rm HP}_n} \}$\end{document}$, each HPO term is assigned a weight representing the granularity of phenotypic information given by the HPO term. In each HP~*j*~'s candidate gene list, every candidate gene has a score calculated by Enhanced Phenolyzer. It is a quantitative representation of how gene~*i*~ is associated with HP~*j*~. Phen2Gene gives a weighted score to gene~*i*~, if gene~*i*~ is in HP~*j*~'s candidate gene list,$$\documentclass[12pt]{minimal}
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RESULTS {#SEC3}
=======

General use {#SEC3-1}
-----------

Since the H2GKB is precomputed, the results for Phen2Gene are instant. The weight given to the HPO terms can be chosen or defined by the end user. The terms can be unweighted, weighted by ontology-based information content or the skewness of gene scores for each HPO term, which is the recommended default. No prior gene list knowledge is required, and if a physician has no candidate genes, or if whole exome or whole genome sequencing cannot be performed for practical reasons (such as insurance reimbursement issues), it could help select a targeted sequencing gene panel to find variants causal for the phenotype. This process can be performed case by case on the web server or using the Phen2Gene python script and thus can be scaled up massively to thousands of patients without prior gene knowledge.

Accuracy evaluation with collected expert-curated phenotype data {#SEC3-2}
----------------------------------------------------------------

For our benchmark testing of Phen2Gene, we used 281 de-identified patients who were diagnosed with single-gene diseases as our study subjects. Their study data were from five different sources but three were manually curated by different curators from different institutions. Considering the curation methods---manual and semi-autonomous---the different curation styles and levels of expertise of the curators, they were hence divided into four groups. Group 1 only contained one disease gene (TAF1), but the other three groups contained numerous known and previously validated disease genes (Table [1](#tbl1){ref-type="table"}). The phenotypes in these three groups were chosen because the diseases were monogenic and the causal genes were known, but the phenotypes are not meant to be related in any way: symptoms, genes or pathophysiology.

###### 

Curation of benchmark dataset

  Set   Data curation                                                                                                                                                                                                          Where HPO terms are derived
  ----- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------
  1     14 cases, with 1 unique causal gene (TAF1), from 1 *American Journal of Human Genetics* article ([@B35])                                                                                                               Doctor-curated HPO terms
  2     27 cases from Columbia University Medical Center, with 24 unique causal genes, from 1 article ([@B13])                                                                                                                 Manually curated HPO terms from doctor-defined phenotypes
  3     85 cases from the Department of Genomic Diagnostics at the Children's Hospital of Philadelphia, with 75 unique causal genes ([@B36])                                                                                   Doctor-curated HPO terms
  4     72 cases, with 59 unique causal genes, from 61 *Cold Spring Harbor Molecular Case Studies* articles ([@B37]), and 83 cases from with 13 unique genes, from 13 *American Journal of Human Genetics* articles ([@B98])   Aho--Corasick algorithm embedded in Doc2HPO with manual review removing negated and duplicated terms

Each dataset comes from different literature sources, except the third set, which comes directly from the Children's Hospital of Philadelphia. Some HPO term sets have been curated by the Aho--Corasick algorithm embedded in Doc2HPO and others were manually curated by expert physicians.

An effective way to understand how well a phenotype-based gene prioritization tool performs is to have experts curate HPO terms and phenotype information for single-gene diseases. These experts also know the causal genes for these diseases, thus aiding in assessing whether a tool is able to properly rank the causal gene highly.

Each patient case in the benchmark dataset has only a single causal gene that is known beforehand by the physicians who curated the patient data. These data were used to create the benchmark test between Phen2Gene and the original version of Phenolyzer (Figure [3](#F3){ref-type="fig"}).

![Accuracy test for Phen2Gene and the original version of Phenolyzer, AMELIE 2 and GADO. The accuracy of the tool is determined by the proportion of patient cases where the causal gene was successfully identified in the top 10, 50, 100 and 250 genes for the respective tool. (**A**) Set 1 of patient cases for TAF1 syndrome as described in Table [1](#tbl1){ref-type="table"}. (**B**) Set 2 of patient cases from Columbia University as described in Table [1](#tbl1){ref-type="table"}. (**C**) Set 3 of patient cases from the Division of Genomic Diagnostics at the Children's Hospital of Philadelphia as described in Table [1](#tbl1){ref-type="table"}. (**D**) Set 4 of patient cases from 61 *Cold Spring Harbor Molecular Case Studies* articles and patient cases from 13 *American Journal of Human Genetics* articles as described in Table [1](#tbl1){ref-type="table"}.](lqaa032fig3){#F3}

We attempted to use Phevor, OVA and VarElect for a more direct comparison but they did not have APIs, and running each patient case one by one on their websites is a very unrealistic use case for hundreds or thousands of patients. Running multiple CLI instances in parallel on a cluster or the cloud is ubiquitously faster than using a website, and in general a keyboard is faster than using a mouse when done optimally ([@B112]). Luckily, we were able to run GADO and AMELIE 2 via their web server APIs and obtain speed and accuracy results.

However, AMELIE 2's web server only accepts a maximum of a 1000-gene input list for gene prioritization. Hence, we randomly created 10 gene sets, each of which consists of the causal gene and 999 random genes. In the accuracy evaluation, we first filtered the outputs from Phen2Gene, original Phenolyzer and GADO down to the 1000 genes in those 10 gene sets, and then took the median rankings of the causal genes from the four tools.

The performance of the four tools varies from set to set. Overall, Phen2Gene is more accurate than Phenolyzer. There is a trade-off in accuracy from set to set between AMELIE 2 and Phen2Gene, and Phen2Gene is more accurate than GADO. The test for accuracy constitutes each tool's ability to rank the known causal gene in the top 10, 50, 100 and 250 genes, respectively, for each patient case, for each benchmark set. Phen2Gene represents a step forward in accuracy compared to Phenolyzer and GADO, and future improvements to Phenolyzer will improve the H2GKB and thus the performance of Phen2Gene even further.

We performed two-tailed sign tests for each tool compared with Phen2Gene for each set for the performance comparisons in Figure [3](#F3){ref-type="fig"}. Using a *P*-value cutoff of 0.5, the difference in performance between Phen2Gene and Phenolyzer (ver. 0.2.0) was statistically significant for all sets; however, for AMELIE 2 and GADO, it was only significantly better for Set 4 (AJHG + CSH) ([Supplementary Table S4](#sup1){ref-type="supplementary-material"}).

Since Phen2Gene leverages the precomputed H2GKB, the speedup in using Phen2Gene over Phenolyzer is substantial (Table [2](#tbl2){ref-type="table"}). Of course, if a H2GKB were computed with the original Phenolyzer, the speedup would be the same. The Phen2Gene API is the fastest on average as the scripts are saved in the cache---which explains the speedup for the GADO API over its CLI as well. AMELIE 2's API is extremely slow on average compared to the other tools and would be pretty impractical to scale up to thousands of patients at a time. The speed with which Phen2Gene can both access and rank gene information from the H2GKB compared to competitive tools speaks to its scalability in future large-scale phenotype analysis studies.

###### 

Speed benchmark test for Phen2Gene and Phenolyzer

  Tool               Phen2Gene (API)   Phen2Gene (CLI)   Phenolyzer (ver. 0.2.0, CLI)   AMELIE 2 (API)   GADO (API)   GADO (CLI)
  ------------------ ----------------- ----------------- ------------------------------ ---------------- ------------ ------------
  Median time (s)    0.94              0.96              504.54                         519.97           1.52         5.89
  Minimum time (s)   0.17              0.51              187.97                         198.35           0.74         3.43
  Maximum time (s)   2.96              1.92              1021.54                        852.70           4.15         10.3

These represent the average, minimum and maximum run-times of these tools in seconds and were taken from all 281 patient case runs.

Interestingly, noise terms do not affect performance significantly. Some phenotypic descriptions may have a few noisy terms in the four benchmark datasets due to different curation criteria, methods, styles or background experience. To test how noise affects Phen2Gene performances, we performed two noise tests by adding a single HPO term to all benchmark cases. In the first test, 'Seizure' (HP:0001250) was the noise term added, and it has a low skewness value (1.97) in the H2GKB. In the second test, 'Macrodontia' (HP:0001572) was the noise term added, possessing a high skewness value (33.56) in the H2GKB. Based on our results, it appears that one noisy HPO term, no matter how specific and skewed, will not adversely affect Phen2Gene's performance ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

General use case: narrowing down candidate genes for undiagnosed diseases {#SEC3-3}
-------------------------------------------------------------------------

To demonstrate the real-world usage of phenotype-driven gene prioritization in clinical diagnostic settings, we performed a retrospective analysis on a previously published case (Figure [4](#F4){ref-type="fig"}). We were previously presented with a proband possessing a suspected Mendelian disease, and we performed whole exome sequencing on the proband and the parents. In a previous study, we identified a *de novo*, single-nucleotide insertion in ankyrin repeat domain 11 (ANKRD11) as the disease causal variant, and reached a genetic diagnosis of KBG syndrome, an extremely rare disease. In the current study, we evaluated whether Phen2Gene and Phenolyzer can facilitate automated gene finding from the exome data, by analyzing the proband only (i.e. without parental information).

![General use case. Proband has a condition with unknown genetic cause but several candidate variants annotated and filtered using ANNOVAR ([@B115]). Clinical notes on the proband's condition are used by Doc2HPO to generate a list of HPO terms, which act as input for Phen2Gene or Phenolyzer. These tools rank several thousand genes, and by intersecting them with the candidate list of genes overlapping the variants, we obtain a list of likely candidate genes for KGB syndrome, which is known to be caused by variants in ANKRD11, shown here.](lqaa032fig4){#F4}

We used the proband's HPO terms as input for Phen2Gene and the proband's disease and symptom terms as input for Phenolyzer. The causal gene, ANKRD11, was initially ranked second and fifth by Phen2Gene and Phenolyzer, respectively, among all the genes in the genome. We intersected these gene lists with the list of candidate genes derived from genes that harbor at least one rare, protein-altering variant in the patient. ANKRD11 was ranked first by both Phen2Gene and Phenolyzer. This example shows how Phen2Gene, Phenolyzer, Exomiser and DeepPVP can be used in practice to rank a causal gene in the top 10 genes based on disease and symptom information and the list of candidate genes extracted from exome sequencing. It is crucial to note this is but one example and both speed and performance will vary greatly from case to case.

However, one item worthy of note is that the speed of Phen2Gene is much greater than DeepPVP. It took over a day to download the database necessary to run DeepPVP and unzip the files necessary to run it. It seems pretty impractical to deploy such a software on the cloud as it would require a large amount of space to deploy (1 TB+) and a large amount of memory to run (60 GB+), which would be an expensive computation across multiple machines.

We were unable to find other freely accessible data containing both HPO terms/patient notes and corresponding VCF files. Nonetheless, the expectation is that human reviewers, such as clinical geneticists or genetic counselors, can review the top 10 or 50 genes and reach a genetic diagnosis with great expedition, perform targeted sequencing on top candidate genes or combine the top 1000 genes with variant information to shorten their lists of candidate genes.

DISCUSSION {#SEC4}
==========

Phen2Gene represents a look at the cloud-based future of phenotype-to-gene software. Currently, to the best of our knowledge, very few tools allow for scalability to thousands of patients. Tools that have APIs are quite slow as we have shown, and the website-based tools require manual copy-and-paste input, for one patient at a time. In addition, while some tools like DeepPVP and Exomiser have open source licenses, many tools that rank genes based on HPO terms have no open source code available---which means their work cannot be easily checked or improved upon by the community. Some tools have license restrictions, do not work as advertised or scaling to thousands of patients is not realistic. In comparison, Phen2Gene is extremely fast and open source, does not require prior gene or variant knowledge and does not need to be run on a web server, though we do provide a server for those with less computational backgrounds. We further provide the H2GKB and the benchmark data as freely downloadable files. Compared to the annotation file that documents ∼20 binary relationships between HPO terms and genes on average from Jackson Laboratory's HPO website, the H2GKB we provide here contains weighted relationships between each HPO term and hundreds or even thousands of genes. Phen2Gene shows marked improvement over the original version of Phenolyzer, and in our future work we plan to greatly improve Phenolyzer and expand upon the H2GKB, increasing performance.

Another benefit of Phen2Gene is that it is variant agnostic. Structural variants (SVs) and repeat expansions in intronic regions are known to cause disease ([@B116],[@B117]), and on average, there are \>20 000 SVs in the human genome ([@B118]). Based on our calculation using the gold standard SV call set from HG002 ([@B119]) and the gene annotation file from GENCODE (v25), more than half of the SVs overlap with genes and most overlap intronic regions. The list of tools that can score SVs ([@B120]) or repeat expansions ([@B121]) is extremely small, but Phen2Gene and tools like it (AMELIE, GADO, etc.) could be used to narrow down a candidate variant list containing repeat expansions or SVs.

In the future, there are several concepts that we hope to address, not the least of which is a double-counting bias ubiquitous to all such HPO-to-gene tools. Some doctors' notes may contain terms like myoclonic seizures, epilepsy and absence seizures, all of which represent three different HPO terms (HP:0002123, HP:0001250 and HP:0002121, respectively) for what is essentially the same combined condition. As a result, it may be biased toward terms mentioned more often in doctors' notes. This redundancy can be eliminated through manual HPO term input by human experts, but is still a common issue that needs to be addressed, perhaps by downweighting similar HPO terms.

Another issue we need to handle is the issue of negated terms such as 'no seizures'. Obviously, if experts input HPO terms manually, this is not a difficult issue to address, but for NLP algorithms that extract terms from doctors' notes, we could be adding false-positive HPO terms if negation is not properly detected. Conversely, using negated HPO terms to lower the ranking of negated-term-associated genes is another useful incorporation of negated term data. Integrating algorithms like DEEPEN ([@B122]) and NegEx ([@B123]) into tools such as Doc2HPO may help us solve this problem.

We could improve the granularity of the scoring algorithm by incorporating corpus-based information content. Phen2Gene could still be improved further, and one method for more properly assessing information content is to use HPO terms in tandem with a large body of clinical literature. This could enable us to give the proper weight to HPO terms or perhaps incorporate other terminology not covered by HPO, like UMLS, or NLP-derived classifications or clusters. There is a need for a more widely applicable terminology in the medical field, especially for diseases requiring deeper phenotyping, and this would become a useful resource for researchers doing similar work.

Finally, we can combine Phen2Gene with variant prioritization software or disease gene discovery tools such as CADD ([@B124]), REVEL ([@B125]) or CCR ([@B126]), to further narrow down potential disease gene candidates. If a diagnostician has a list of genetic variants, they are more likely to use one of these tools first. Some tools like VarSight or Exomiser already combine some of these elements of variant prioritization, but we would like to incorporate them into our tool, while maintaining its current fast speed. In the future, we hope to create a hybrid score that combines computationally derived variant scores with phenotype-derived gene prioritization, much like DeepPVP or AMELIE 2, but faster.

In summary, the H2GKB provides a better alternative for linking standardized phenotype terms to genes with weighted scores with expeditiousness, and our hope is that it may facilitate or inspire the development of more accurate, faster, novel computational tools that link HPO terms to genetic information, especially where whole exome/genome sequencing data are available. The Phen2Gene tool provided in this paper can rapidly access and rank this information. It has been implemented in Dx29 ([www.dx29.ai](http://www.dx29.ai)) and Doc2HPO's pipeline so far, and we hope to deploy it in other similar web services. Through command line tools, web servers and RESTful API web services, we believe that Phen2Gene will facilitate and expedite phenotype-driven gene prioritization for rare diseases.

DATA AVAILABILITY {#SEC5}
=================

The current version of Phen2Gene is 1.1.0. The source code and scripts for figures are available at <https://github.com/WGLab/Phen2Gene>. Additionally, we built a Phen2Gene web server available at <https://phen2gene.wglab.org>, to facilitate users who prefer to use web interface for gene prioritization. The current version of H2GKB is also downloadable at <https://github.com/WGLab/Phen2Gene/releases/download/1.1.0/H2GKBs.zip>. All the benchmark datasets and code to run the other tools are available in the Supplementary Data.

WEB RESOURCES {#SEC6}
=============

HPO website: <https://hpo.jax.org/app/>; JAX annotations: <https://hpo.jax.org/app/download/annotation>; Phenolyzer: <https://phenolyzer.wglab.org/>; Doc2HPO: <https://impact2.dbmi.columbia.edu/doc2hpo/>; Dx29: <https://www.dx29.ai/>
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